A new mechanism is presented which can reheat the Universe in non-oscillatory models of inflation, where the inflation period is followed by a period dominated by the kinetic density for the inflaton field (kination). The mechanism considers an auxiliary field non-minimally coupled to gravity. The auxiliary field is a spectator during inflation, rendered heavy by the non-minimal coupling to gravity. During kination however, the non-minimal coupling generates a tachyonic mass, which displaces the field, until its bare mass becomes important, leading to coherent oscillations. Then, the field decays into the radiation bath of the hot big bang. The model is generic and predictive, in that the resulting reheating temperature is a function only of the model parameters (masses and couplings) and not of initial conditions. It is shown that reheating can be very efficient also when considering only the Standard Model.
Introduction
The most compelling mechanism for the generation of the primordial curvature perturbation which is responsible for the formation of structures in the Universe is the theory of Cosmic Inflation, which postulates that, in the beginning of its history, our Universe underwent a period of accelerated expansion. Inflation also accounts for the substantial fine-tuning of the initial conditions of Hot Big Bang cosmology, namely the infamous horizon and flatness problems. Observations of ever increasing precision are in definite support of the scenario of inflation. In particular, the observed primordial anisotropy in the Cosmic Microwave Background (CMB) radiation, suggests that the curvature perturbation is predominantly adiabatic and Gaussian and almost (but not quite) scale-invariant [1] , in agreement with the simplest and most generic inflationary predictions.
In particle cosmology, inflation is realised through the inflationary paradigm, which considers that the Universe undergoes accelerated expansion when dominated by the potential density of a homogeneous scalar field. After the observation of the electroweak Higgs field, we are confident that fundamental scalar fields exist. One such field, called the inflaton, is assumed to control the dynamics of inflation. Recent CMB observations, from the Planck satellite, strongly suggest that the inflaton's scalar potential features a plateau with density roughly 10 −10 M 4 P [1, 2] . When the expectation value of the field is such that corresponds to the inflationary plateau, its potential density is roughly constant as the field slowly varies (rolls) along the plateau. At some point, the inflaton reaches the end of the plateau, where the scalar potential becomes steep and curved in field space, such that the field ceases to be potentially dominated and inflation ends. Traditionally, the inflationary paradigm suggests that the inflaton's scalar potential features a potential minimum not very far (in field space) from the inflationary plateau, such that, after inflation ends, the inflaton field oscillates around its vacuum expectation value (VEV) before decaying (perturbatively or not) into the thermal bath of the Hot Big Bang. The process is called (p)reheating.
However, in contrast to plateau inflation, which is supported by observations, the oscillatory reheating scenario described above is merely a conjecture. Indeed, many inflation models with a scalar potential that does not feature a minimum near the inflationary plateau have been considered over the years. Typically, the VEV of the inflaton field is displaced to infinity, such that, after the end of inflation, the field rolls down the steep runaway potential, being dominated by its kinetic density. This type of inflation is called non-oscillatory [3] . The period of kinetic density domination, which follows inflation, is called kination [4] . The attractive feature of such models is that the inflaton field avoids decay, which means that it can survive until today and play the role of quintessence (leading to late-time inflation) [5] , which addresses the current dark energy observations that suggest that the Universe at present undergoes accelerated expansion again. Such quintessential inflation models [6] employ a single degree of freedom (the inflaton field) to provide a unified description of inflation and dark energy in the context of a common theoretical framework. However, non-oscillatory inflation can have other consequences as well, and does not need to be associated with dark energy. For example, a period of kination results in the number of inflationary e-folds corresponding to the cosmological scales exceeding the usual 60, which may have profound implications on the values of inflationary observables [7] .
Since the inflaton field does not decay in non-oscillatory inflation models (as it does not have a particle interpretation) the formation of the thermal bath of the Hot Big Bang has to be achieved by other means. After reheating is somehow managed, the roll of the inflaton is halted and the field freezes at some value substantially displaced from the inflationary plateau, with some non-zero potential density, which can be the dark energy at present [6] . The most minimal approach to reheating in non-oscillatory inflation, which agrees with the economy of the quintessential inflation proposal, is the so-called gravitational reheating [8] . This is due to particle production of all light and conformally non-invariant fields during inflation, which generates a thermal bath characterised by the Hawking temperature of de Sitter space T H = H/2π, where H is the inflationary Hubble scale. Gravitational reheating is inescapable but very inefficient. This means that kination lasts for a long time, before the generated radiation reheats the Universe and freezes the rolling field. Unfortunately, a prolonged kination period results in a large spike in the tensor power spectrum at small scales [9] . In gravitational reheating, this spike is large enough to challenge the process of Big Bang Nucleosynthesis (BBN), because the tensor density is almost 1% of the total during BBN. Thus, a reheating mechanism more efficient that gravitational reheating is preferable.
A mechanism which has been employed to efficiently reheat the Universe during kination is instant preheating [10] . This removes a fraction of the inflaton's kinetic density, through particle production when the inflaton crosses an Enhanced Symmetry Point (ESP) on the way down along its runaway potential, such that the mass of another field coupled to the inflaton changes non-adiabaticaly. This can be a very efficient mechanism, which easily overcomes the problem of excessive tensors. However, it needs to presuppose the existence of a suitable ESP at the right place in the inflaton direction, which means that it is rather restrictive model-building-wise. This is why a third option for reheating the Universe in non-oscillatory inflationary models has been considered, namely curvaton reheating [11] .
The curvaton reheating mechanism considers the presence of a suitable auxiliary scalar field, called the curvaton [12] . The field is a spectator during inflation. It is assumed light such that it undergoes particle production during inflation, and develops thereby stochasticaly an expectation value displaced from the minimum along the curvaton direction. After the end of inflation, because the field is originally light, it remains frozen until the expansion rate decreases enough for the field to become heavy and begin coherent oscillations around its VEV. The decay of the curvaton field generates the desired radiation bath of the Hot Big Bang. Now, in the original curvaton proposal [12] , the curvaton field also generated the dominant contribution to the curvature perturbations (hence it's name). For the reheating purposes however, this is not necessary and the curvaton's contribution to the curvature perturbations can be negligible. 1 This proposal has the merit that no interaction is required with the inflaton, which means that inflation model-building is liberated [14] . However, it suffers from some drawbacks. In particular, the requirement that the curvaton remains light during inflation is non-trivial and amounts to some fine-tuning, especially in supergravity theories, in which masses of order H are expected for all scalar fields, including the inflaton (η-problem) [15] . Also, the expectation value of the curvaton during inflation is a crucial unknown parameter, which determines the generated reheating temperature, but depends strongly on the total duration of inflation [16] , that is unknowable because of the no hair theorem. This strongly undermines the predictability of the proposal.
In this paper we propose a new mechanism which reheats the Universe in a nonoscillatory inflation model. Our mechanism makes use of the tendency of light scalar fields to become excited by the expansion of space, which happens quite generically in most cosmological spacetimes [17] . It enjoys the advantages of instant preheating and curvaton reheating, in that it can be highly efficient but also avoids their disadvantages in terms of not having an impact on inflation model-building (as has instant preheating, which requires a suitable ESP) and not requiring the appropriate tuning of initial conditions (as with curvaton reheating, which needs to specify the expectation value of the curvaton field in inflation). We consider the presence of an auxiliary scalar field, which is a spectator during inflation, much like the curvaton in curvaton reheating. However, our field is non-minimally coupled to gravity, which is a generic expectation as setting the non-minimal coupling to zero is not stable with respect to radiative corrections [18] . For a related reheating model making use of the non-minimal coupling, see Ref. [19] . During inflation this coupling makes the field heavy and it settles in the potential minimum, in contrast to the curvaton proposal. After inflation and during kination the inflationary minimum becomes a maximum in the scalar potential of our auxiliary field, which displaces the field at a value depended only on its non-minimal coupling to gravity (and possibly its self-coupling). Eventually, the bare mass of our field becomes important and the field oscillates around its VEV. It then may decay into the thermal bath of the Hot Big Bang. Our mechanism is generic and predictive because the generated reheating temperature depends only on the value of our model parameters such as masses and couplings.
We consider natural units, where c = = k B = 1 and M 2 P ≡ (8πG) −1 , with G being Newton's gravitational constant and M P = 2.43 × 10 18 GeV being the reduced Planck mass. Our conventions are (+,+,+) [20] .
The model
In this work we consider a non-oscillatory model of inflation in which, after the end of inflation, the influence of the potential to the field dynamics practically disappears leading to a phase of kinetic density domination (kination), i.e. an epoch that is described with the cosmological equation of state w = p φ /ρ φ = 1, where p φ and ρ φ are the pressure and energy density of the inflaton field respectively. Besides considering a kination epoch after inflation we leave the specifics of inflation unfixed.
In addition to the inflaton we assume the existence of an originally subdominant, nonminimally coupled and massive scalar field with quartic self-interactions
where ξ ≥ 1. Importantly, we assume inflation to occur at such a high scale that during much of the kination period the bare mass m of field is negligible with respect to the background Hubble rate. Furthermore, the χ-sector is assumed, for all practical purposes, to be decoupled from the inflaton. It is however assumed to have sizeable couplings to the Standard Model (SM) degrees of freedom. Therefore, χ could for example be the length of the Higgs doublet, but in order to keep our analysis as general as possible, the χ-field may also be a generic beyond-the-SM field, with sufficient couplings to the SM.
Condensate creation during kination
The potential for the χ-field can be read from (2.1)
where R = 3(1 − 3w)H 2 is the curvature scalar. As we mentioned in the introduction, after the inflationary epoch when w = −1, the inflaton enters a period of kination with the equation of state w = 1. By using the Friedmann equations 2) it is straightforward to investigate the scale factor, the Hubble rate and the scalar curvature for a given equation of state parameter w. We have
Kination : Figure 1 . The potential (3.1) as a minimum at zero during inflation as described by the blue curve, but during kination if the tree-level mass parameter is smaller than −ξR 0 the potential will posses a minimum displaced from zero, as depicted by the purple curve.
Since we are assuming a positive non-minimal coupling with ξ ≥ 1 and that the Hubble rate during inflation is much larger than the bare mass of the field, H m, ξR gives the χ-field a large positive mass parameter during inflation but becomes negative during kination. Therefore, the vacuum state is at zero during inflation 5) but gets displaced from zero during kination as 6) as depicted in Fig. 1 . For now on, we refer to the non-zero value of the χ-field in the minimum as the condensate. 2 We may investigate the behaviour of the χ-field by making use of a classical approximation i.e. study the behaviour of the zero mode. Since we are assuming that inflation takes place at a scale for which m H and that ξ ≥ 1 giving χ = 0 during inflation, the equation of motion at the start of kination can be approximated by neglecting the mass and the quartic term in Eq. (2.1)
After inflation, the χ-field becomes tachyonic. Thus, it is "kicked-off" the origin (which becomes a potential hill) due to quantum fluctuations, which are of typical amplitude δχ = |m eff |/2π per Hubble time H −1 , [17, 22] , where m eff is the tachyonic mass of the field, whose square is m
where we ignored the bare mass of the χ-field, which is m H near the end of inflation. Thus, as an initial condition we use χ end = √ 6ξH end /2π andχ end = H end χ end , with 'end' denoting the end of inflation. 3 From the above we obtain
Since χ min ∝ a −3 the above indicates that the condensate quickly reaches the value ∼ χ min . We can estimate the Hubble rate when this occurs by comparing χ min in Eq. (3.6) to the above giving the condition 10) where the subscript 'm' denotes the moment when the χ-field reaches the minimum of the potential χ = χ min . Thus, we see that, considering a perturbative coupling λ < 4π 2 , a regime always exists when the χ-field is rolling down the central potential hill but has not reached the minimum of the potential yet, i.e. H m < H end and χ < χ min .
Reheating from the kination condensate
For achieving successful reheating, the energy density of the χ-field, ρ χ (or its decay products), must start to dominate the evolution of the Universe over that of the inflaton ρ φ . It also must, before or after it has become dominant, decay into light SM degrees of freedom that thermalize. During kination we can see from Eqs. (3.2) and (3.4) that the energy-density of the inflaton scales as ρ φ ∝ a −6 and since from Eqs. (3.5) and (3.4) χ 2 min ∝ R ∝ t −2 ∝ a −6 we also see that in order for the energy density ρ χ to overtake ρ φ simply generating the condensate is not enough, but it or the energy density sourced by it must evolve to have a scaling less than a −6 .
In this work for completeness we assume a specific reheating model where the χ-field is coupled to light fermions in the SM sector via a Yukawa-type interaction ∼ gψψχ giving rise to the decay rate
where g is a dimensionless coupling constant and M the effective mass parameter for χ. Note that this is not the tachyonic effective mass in Eq. (3.8) but it is given by M = V (χ min ). From the potential in Eq. (3.1), when √ 6ξH m and w = 1, we can obtain the mass as follows 2) with χ min = 6ξ/λ H. (cf. Eq. (3.6)). When √ 6ξH m we have χ min = 0 and so M 2 = m 2 − 6ξH 2 m 2 , i.e. M = m. When Γ < H, the decay of χ-particles into light fermions is exponentially suppressed. This means that the energy density stored in the χ-field decays into the light fermions only when Γ = H. Actually, it is possible for the field not to decay even if Γ > H if χ < χ min and the field is still rolling down the potential hill. This is because, only after reaching the potential minimum can the field perform coherent oscillations and only an oscillating scalar field has a particle interpretation and can decay into fermions. 4 In a model with a Yukawa interaction we can see that there are broadly two distinct scenarios in which the decay may happen. Soon after inflation when the kination condensate has been generated and we can still neglect the bare mass parameter m, by using M = √ −2ξR
and Eq. (4.1) we obtain
Thus, Γ ≥ H is possible when
When the above bound is satisfied the condensate practically decays immediately when the field reaches the minimum of the potential χ = χ min , i.e. at H m (as it cannot decay before). In contrast, when the above threshold is not satisfied, the χ-field can decay only after R has decreased such that the bare mass dominates M , the vacuum is restored at χ = 0 and one may approximate M ≈ m leading to a constant Γ, which eventually leads to the decay of the condensate. Based on the above, in this work we consider two main scenarios for obtaining successful reheating as sourced by the condensate generated during kination:
A) The ξ and g do not satisfy the condition in Eq. (4.4) . Thus, the condensate can decay only after the bare mass m dominates over √ −ξR and the vacuum is restored at χ = 0.
B) The condition in Eq. (4.4) is satisfied and the χ-field decays into radiation immediately after reaching the minimum of the potential, which happens when H = H m .
Case A: decay after vacuum restoration
If the constraint in Eq. (4.4) is not satisfied, the decay of the condensate does not take place near the end of inflation. After a sufficiently long time has passed, the scalar curvature decreases such that the bare mass term of the field can no longer be neglected. At this threshold, the minimum of the potential shifts back to χ = 0 restoring the vacuum configuration that was present prior to kination i.e. the blue curve in Fig. 1 . Soon after this point, the non-minimal and quartic terms become negligible and the field starts oscillating around χ = 0 in a quadratic potential with the energy density 5) which diluted as matter by the Universe expansion. We will approximate that immediately after the threshold 6) where 'vr' stands for vacuum restoration, the density of the χ-field starts scaling as ρ χ ∝ a −3 . Indeed, the requirement that H vr > Γ, using Γ = g 2 m/8π, results in the bound
which is (roughly) the reverse of the bound in Eq. (4.4).
After reaching H vr in Eq. (4.6), this scenario has two distinct ways of proceeding: vacuum restoration (meaning domination by the bare mass) can occur either before or after the field has reached the temporary minimum χ min = −ξR/λ, given in Eq. (3.6) . In each case, the decay into radiation can occur either before or after the condensate has become the dominant component of the Universe content.
Vacuum restoration after the field reaches χ min
From the requirement H m > H vr it is straightforward to obtain
where we used Eqs. (3.10) and (4.6). First we address the situation when the condensate decays into radiation before ρ φ = ρ χ . Using ρ φ ∝ a −6 , the fact that the density of radiation scales as ρ r ∝ a −4 and Eq. (4.6) we find that radiation starts dominating the evolution when 9) where 'dec' stands for decay and we considered that the condensate decays fully ρ dec χ = ρ dec r . With the help of Eqs. (3.4) and (4.6), we straightforwardly get 10) allowing us to write from Eq. (4.9)
The reheating temperature then comes straightforwardly using 3H 2 reh M 2 P = π 2 30 g * T 4 reh , which gives 12) where g * is the number of effective relativistic degrees of freedom. Using Γ = g 2 m/8π, the above can be writen as
Now, let us consider the situation when the field decays after ρ χ = ρ φ . In this case, we can easily write
where we used Eq. (4.11) at the limit Γ = H dom , with the 'dom' denoting the domination ρ φ from ρ χ , i.e. ρ dom φ = ρ dom χ . H dom is straightforward to calculate, as follows .6)). The requirement that Γ < H dom results in
where we used that Γ = g 2 m/8π. Using this also in Eq. (4.14), we find
The bounds in Eqs. (4.8) and (4.16) reinforce each other. Combining them together we get
Vacuum restoration before the field reaches χ min
From the requirement H m < H vr we obtain the reverse bound to the one in Eq. (4.8):
where we used Eqs. (3.10) and (4.6). At vacuum restoration the value of the condensate is obtained as follows. Remember that, while the field is still rolling down the central potential hill, we have χ ∝ a √ 6ξ (cf. Eq. (3.9) ). This means that 20) where a ∝ H −1/3 during kination. Using this, we obtain
Figure 2. Illustration of two possible reheating mechanisms sourced by the condensate generated during kination, where the decay into SM particles is assumed to proceed through a Yukawa-coupling. The top blue curve labelled ρ φ represents the dominant component of the energy density of the Universe i.e. the inflaton sector. The blue curve labelled ρ χ is the energy-density of the χ sector, which can either A) decay into radiation ∝ a −4 (orange lines) after vacuum restoration containing a period of dust-like evolution ∝ a −3 (the red line) or B) decay before this happens. The green curve represents the energy density produced by gravitational reheating (see Sec. 4.3).
where we used that H vr = m/ √ 6ξ (cf. Eq. (4.6)). Consider first that the condensate decays after it dominates the Universe, meaning Γ < H dom . H dom can be easily obtained as follows.
where we used ρ φ /ρ χ ∝ a −3 and a ∝ H −1/3 during kination. Thus, considering also Eq. (4.6), we get
Demanding Γ < H dom results in a bound on g identical to Eq. (4.18). The reheating temperature is again given by Eq. (4.14) or Eq. (4.17). Thus, we see that if reheating of the Universe is achieved by the decay of the condensate into radiation after it has become the energetically dominant component, it makes no difference whether or not it has reached the potential minimum χ min before vacuum restoration. Now, let us consider the case when the condensate decays before domination. We find the reheating temperature as follows. 24) where ρ dec χ = ρ dec r and we considered that ρ φ /ρ r ∝ a −2 and ρ φ /ρ χ ∝ a −3 , with a ∝ H −1/3 during kination. Using Eq. (4.21) and considering that H vr = m/ √ 6ξ (cf. Eq. (4.6)) and 
The condition Γ > H dom results in the bound 26) which is the reverse bound to Eq. (4.18).
Case B: decay before vacuum restoration
Now we investigate the behaviour of the condensate when Eq. (4.4) is satisfied and the condensated decays immediately after reaching χ min . Since the decay occurs before vacuum restoration we can neglect the bare mass parameter m in the potential (3.1). Thus, the mass of the condensate when it reaches the potenital minimum χ min is given by Eq. (4.2) with
When the condensate reaches the potential miminum, its energy density can be estimated as (4.27) where with 'm' we denote the moment that the condensate reaches the potential minimum χ = χ min and we used that χ m min = 6ξ λ H m (cf. Eq. (3.6)). 5 Thus,
where we used ρ m φ = 3H 2 m M 2 P . Reheating occurs at the moment when the radiation density overtakes that of the rolling inflaton field, which we can straightforwardly obtain analogously to the previous section by using Eq. (4.28) as a m a reh (4.29) leading to the reheating temperature
Using Eq. (3.10), the above can be recast as
(4.31) 5 We assumed that χ m min > χ end , which is equivalent to √ λ/2π < Hm/H end , which is true in view of Eq. (3.10) and ξ > 1.
The condensate should not dominate while it rolls down from the central potential hill. This is because, in such a case, the assumption of a background undergoing kination domination may not necessarily hold. This means we need ρ m χ < ρ m φ . In view of Eq. (4.27) and also Eq. (3.10) we find the bound
Case B is illustrated in Fig. 2 as the curve that starts out as orange.
Relation to gravitational reheating
Particle production via the generation of the kination condensate as described in this section is inherently a different mechanism to gravitational reheating, where quanta are produced from the transitional dynamics between the epoch of inflation and afterwards (e.g. a period of kination) [8] . Gravitational reheating results in general in a bath of relativistic particles and gravitational waves, whose density after its generation dilutes as a −4 . 6 We can estimate the energy density resulting from gravitational reheating at some time after the end of inflation as [8] ρ gr = q g gr * π 2 30 4.33) where q < ∼ 1 is an efficiency factor due to the fact that the density of radiation generated by gravitational reheating is of the order of thermal radiation with the Hawkingt emperature for de Sitter space H end /(2π) but is not exactly thermal itself. The factor g gr * includes all relativistic degrees of freedom produced by gravitational reheating, which are fields that are light (meaning with mass less than H) but not conformally invariant during inflation. Note that g gr * includes also the generated gravitational waves. The gravitational waves unavoidably generated from gravitational reheating can in some cases be boosted by an extended period of kination by such a large amount that obtaining successful Big Bang nucleosynthesis becomes non-trivial bounding the allowed parameter space [25] .
In this work we are interested in parameter ranges for reheating from the kination condensate where the generated energy density is not overwhelmed by the one from gravitational reheating as illustrated by the green curve in Fig. 2 . This leads to the condition
where we have assumed that kination lasts until the moment of reheating. Using that
30 T 4 reh and after a little algebra, the above suggests
Assuming q ∼ 1, g reh * ≈ g gr * = O(100) and inflation at the energy of grand unification we obtain the bound T reh > 10 5−6 GeV.
If the condensate decays after domination, we have a period after kination and before reheating that the Universe is dominated by the oscillating condensate, whose density scales like matter and a ∝ H −2/3 . Then, it is straightforward to show that the above lower bound on the reheating temperature is further relaxed by the factor Γ/H dom .
The precise relation of the reheating temperature to the model parameters depends on the specifics of the evolution. Namely, the reheating temperature to be put on the right-hand side in the above is given by (4.13), (4.17) , (4.25) or (4.31) .
Qualitatively, (4.34) leads to relevant bounds mostly for case (A) where the energy density of the condensate (potentially) has a lengthy period of a −6 scaling, as is apparent from Fig. 2 . Broadly speaking this will only be important for low reheating temperatures (4.35) , which is also verified in the next section by going through the numerics of example cases.
Concrete examples
Here we will consider a few values for the non-minimal coupling ξ and the other model parameters (the couplings λ, g and the bare mass m) to demonstrate the efficiency of our reheating mechanism. We consider inflation at the scale of grand unification, as suggested by the CMB observations, with H end ∼ 10 −5 M P ∼ 10 13 GeV and we take g * = 106.75, which corresponds to the standard model at high energies.
The bound in Eq. (4.7) becomes g 2 < 2, which is satisfied for a perturbative coupling. Therefore, the χ-field condensate decays only after vacuum restoration, that is after the bare mass m becomes important. Also, the bound in Eq, (4.8) becomes
which turns up to be satisfied for most reasonable values of m and λ but not for very large m (see below). This means that vacuum restoration occurs after the χ-field reaches χ min . Now, Eq. (4.16) suggests
If the above is satisfied, then the reheating temperature is given by Eq. (4.17), which becomes (4.38) In contrast, if the bound in Eq. (4.37) is violated, then the reheating temperature is given by Eq. (4.13), which becomes
To see what the above imply, we select three indicative values for m:
The bound in Eq. (4.36) becomes √ λ > 10 −54 , which is well satisfied. The bound in Eq. (4.37) becomes g < 10 −14 λ −1/2 . If this is satisfied, T reh is given by Eq. (4.38), which is maximised for large g, which in turn is maximised for a small λ. We choose to consider λ ∼ 10 −10 . Then the bound on g is g < 10 −9 . Choosing also g ∼ 10 −10 , Eq. (4.38) suggests that T reh ∼ 1 GeV.
Suppose now that the bound in Eq. (4.37) is violated, such that g > 10 −14 λ −1/2 . This means that T reh is now given by Eq. (4.39). Again T reh is maximised for small λ. Choosing again λ ∼ 10 −10 we have g > 10 −9 . Choosing now g ∼ 10 −8 , Eq. (4.39) gives again T reh ∼ 1 GeV. This is a rather small reheating temperature, which is overwhelmed by gravitational reheating as discussed in Sec. 4.3, especially when the condensate decays before it dominates the Universe.
m ∼ 10 10 GeV
The bound in Eq. (4.36) becomes √ λ > 10 −19 , which we expect again to be satisfied. The bound in Eq. (4.37) becomes g < 10 −7 λ −1/2 . If this is satisfied, T reh is given by Eq. (4.38), which is maximised for large g, which in turn is maximised for a small λ. We choose to consider again λ ∼ 10 −10 . Then the bound on g is g < 10 −2 . Choosing also g ∼ 10 −3 , Eq. (4.38) suggests that T reh ∼ 10 10 GeV. Suppose now that the bound in Eq. (4.37) is violated, such that g > 10 −7 λ −1/2 . This means that T reh is now given by Eq. (4.39). Again T reh is maximised for small λ. Choosing again λ ∼ 10 −10 we have g > 10 −2 . Choosing now g ∼ 0.1, Eq. (4.39) gives again T reh ∼ 10 10 GeV. This is a sizeable value for T reh , which demonstrates that reheating can be efficient in this model.
The bound in Eq. (4.36) is badly violated. Instead, it is the bound in Eq. (4.19) that is satisfied. This means that vacuum restoration occurs before the χ-field reaches χ min . Now, Eq. (4.18) suggests 
Inputting the value of m, the bound in Eq. (4.40) becomes g < 10 −8 . We choose g ∼ 10 −9 . Then Eq. (4.38) gives T reh ∼ 10 7 GeV. When the bound in Eq. (4.40) is violated and g ≥ 10 −8 , T reh is given by Eq. (4.41), which becomes T reh ∼ g −1/2 10 3 GeV. Taking g ∼ 10 −8 , we obtain again T reh ∼ 10 7 GeV, which is the maximum value of T reh in this case.
√ 6ξ = 1000
We now consider a large value of ξ. The bound in Eq. (4.7) becomes g < 0.1, which is possible to violate for a large but permissible value of g. In particular, the Yukawa coupling of the top quark does in fact violate this bound implying that this mechanism can be effective also when only the particle content of the Standard Model in considered. Let us consider this case first. Taking g ∼ 1 we can satisfy the bound in Eq. (4.4) . In this case the condensate decays immediately when it reaches the minimum of the potential at χ min , i.e. at H = H m , which is case B. The reheating temperature is now given by Eq. (4.31), which becomes
However, there is a lower bound on λ coming from Eq. (4.32) . Putting the numbers in, Eq. (4.32) suggests λ > ∼ 1. Thus, T reh ∼ 10 16 GeV, which is the inflation scale and we have prompt reheating. This is no surprise as H m is reached right after the end of inflation. We also emphasize that the observed value for the Higgs four-point coupling λ ∼ 10 −2 satisfies the bound Eq. (4.32) when the scale of inflation is lower by a few orders of magnitude from our chosen value of 10 13 GeV, which implies that our mechanism can succesfully reheat the Universe via the Standard Model Higgs alone and can lead to high reheating temperatures T reh ∼ 10 12 GeV. Consider now g < 0.1, so that we are back in case A and the χ-field condensate decays only after vacuum restoration, that is after the bare mass m becomes important. The bound in Eq. (4.8) is overwhelmingly satisfied in all cases, so that vacuum restoration occurs after the χ-field reaches χ min . Eq. (4.16) suggests
If the above is satisfied, then the reheating temperature is given by Eq. (4.38) . If the bound in Eq. (4.43) is violated, then the reheating temperature is given by Eq. (4.13), which now becomes
As before, to see what the above imply, we select the same three indicative values for m:
The bound in Eq. (4.43) becomes g < 10 −14 λ −1/2 . If this is satisfied, T reh is given by Eq. (4.38), which is maximised for large g, which in turn is maximised for a small λ. We choose to consider λ ∼ 10 −10 . Then the bound on g is g < 10 −9 . Choosing also g ∼ GeV. Thus, saturating the upper bound on g we obtain T reh ∼ 10 15 GeV. Our results do not change dramatically when employing much bigger values of λ. For example, consider the case of ξ = 24 and m ∼ 10 10 GeV. The bound on g is given by Eq. (4.37), which reads g < 10 −7 λ −1/2 . Suppose that we choose λ ∼ 10 −4 . Then following the same procedure as discussed above we find T reh ∼ 10 7 GeV for g ∼ 10 −5 . If we choose λ ∼ 10 −2 , we obtain T reh ∼ 10 6 GeV for g ∼ 10 −7 . It is more realistic to consider relatively large values of λ, which is the self-coupling of the χ scalar field, than g, which is a Yukawa coupling of χ to its fermionic decay products. We see that we may consider even λ ∼ 0.01 at the expense of a few orders of magnitude on the value of T reh , which is still decently large.
Conclusions
In this paper we studied a new mechanism to reheat the Universe during kination, which corresponds to an epoch dominated by the kinetic density of the inflaton field. Kination follows non-oscillatory inflation in which the inflaton field does not oscillate around its VEV but rolls down over large distances in field space. We have introduced a spectator field, non-minimally coupled to gravity, which can decay into the thermal bath of the hot big bang and terminate kination. Our spectator field is not coupled to the inflaton.
During inflation, the non-minimal coupling (assumed positive) renders the spectator field heavy and confines it at the origin. After the end of inflation and the onset of kination, however, the origin becomes a local maximum and the field is displaced towards the temporary minimum generated by the self-coupling of the field, which stabilises the scalar potential. Eventually, the bare mass of the field overwhelms the non-minimal term, the origin becomes again the minimum of the scalar potential (the VEV) and the spectator field coherently oscillates around its VEV until its decay into radiation, which reheats the Universe. We have investigated all possibilities, depending on the values of the bare mass and the couplings of the spectator field and showed that, with natural values of the model parameters, we can achieve successful reheating. For example, if the bare mass is around m ∼ 10 10 GeV, the self-coupling is taken to be λ ∼ 0.01 and the Yukawa coupling to light fermions is g ∼ 10 −7 we obtain T reh ∼ 10 6 GeV. For large values of the bare mass one may even achieve prompt reheating, which occurs right after the end of inflation. For small values of m with small g, however, the efficiency of reheating is not great. For example, when m ∼ 1 TeV, the typical value of the reheating temperature is T reh ∼ 1 GeV, which is overwhelmed by gravitational reheating if our spectator field decays before dominating the Universe content.
In the context of Standard Model physics and other models with large Yukawa couplings, reheating can also be quite efficient with high reheating temperatures. As an example, we showed that if the Standard Model Higgs is non-minimally coupled to gravity with a nonminimal coupling √ 6ξ ∼ 10 3 and inflation ends at a scale H end ∼ 10 11 GeV the Universe reheats with T reh ∼ 10 12 GeV.
We emphasise that our model is highly predictive and does not depend on initial conditions. In a variant of our model, it is easy to show that our spectator field may generate the observed dark matter if it decays into heavy fermions or not at all, provided that the Uni-verse is reheated by some other mechanism. A similar set-up for gravitational dark matter production was discovered in Ref. [26] and will be investigated in detail in Ref. [27] .
When our paper appeared in arXiv another relevant paper where a similar set-up was studied [28] appeared simultaneously. In Ref. [28] however, the scalar field considered is the Higgs field, with only the interactions stipulated by the Standard Model. In our case, we consider the condensate dynamics in an extended framework encompassing also cases where the condensate does not decay immediately after inflation by allowing the mass, the four-point coupling as well as the Yukawa coupling to vary.
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